Abstract: We report a multicore photonic crystal fiber (PCF) amplification system delivering about 110-W laser pulses with a duration of sub-100 fs. This amplifier is seeded by a large mode area (LMA) PCF mode-locked oscillator with a repetition rate of 100 MHz.
Introduction
Ultrafast laser sources with both high average power and high peak powers at a high repetition rate have many important applications in areas such as high-harmonic generation (HHG) [1] , micromachining [2] , and high power optical parametric amplification [3] . For example, in order to improve the conversion efficiency and signal-to-noise ratio, the process of HHG calls for laser pulses with a higher repetition rate and higher average power. In recent years, with the development of high power fiber laser technology, the output of femtosecond fiber laser systems have reached average powers of hundreds of watts and peak powers of several gigawatts [4] - [6] . Pulses with 830 W, 640 fs [4] and energies up to 2.2 mJ, duration of 500 fs [5] have already been obtained using chirped-pulse amplification (CPA) technique with large mode area (LMA) fibers. Although the CPA technology can effectively suppress the unwanted nonlinear accumulation with the reduced peak intensity, the output pulses can hardly be shorter than 100 fs due to gain narrowing effect. Nonlinear amplification in which spectral broadening mainly by self-phase modulation (SPM) supplies the solution to obtain sub-100 fs pulses. Zaouter et al. [7] have demonstrated one stage amplifier based on a 3850 m 2 mode area rod photonic crystal fiber (PCF) with 70 fs, 12.5 W pulses. 18 W, 48 fs self-similar pulses can be delivered by a 6 meter long PCF amplifier with a mode area of 500 m 2 [8] . Passive spatial and temporal coherent combining are also employed to scale up the output single pulse energy of the amplifier [9] , [10] . For now, the output average power of amplification with the spectrum broadening by SPM usually lags far behind that of the CPA technology.
A new method has been presented to reduce the dependence of self-similariton on the pump power by using a pre-shaper [11] . Transform-limited pulses are demonstrated in [11] with different pump powers by optimization of the initial pulses with the pre-shaper. To some extent, the pre-shaper supplies a new evolution process for nonlinear amplification in the gain fiber. To reduce the nonlinear phase, another effective and direct method is to increase the mode area of gain fiber. Importing LMA PCFs is now the most popular way both in the CPA and nonlinear amplification systems. Recently, several advanced fiber designs, such as the large pitch fiber [12] , chirally coupled core fiber [13] , and distributed mode filtering fiber [14] have also been developed to increase the mode area. Multicore fiber is one of the available fiber designs to reduce the pulse peak intensity inside the fibers. The mode area of multicore fibers is proportional to the number of cores. Fang et al. have already generated average power of 24 W and duration of 110 fs pulses using a seven-core PCF with a mode area of 5000 m 2 [15] . A mode-locked oscillator is also demonstrated with an 18-core PCF fiber [16] . In this letter, we report on an all PCF amplification system taking advantage of the pre-shaper and an 18-core PCF amplifier with a mode area of 2000 m 2 (in-phase supermode). The amplifier is operated in the regime of nonlinear amplification. The amplified pulses can avoid wave breaking at high pump powers by using the pre-shaper to change the initial pulse properties. Finally the fiber system delivers 110 W average power with compressed pulses of 83 fs. The single pulse energy reaches up to 1.1 J corresponding to a peak power of 13 MW.
Experimental Setup
The experimental setup is shown in Fig. 1 . The oscillator is a home-made mode-locked laser with a LMA Yb-doped PCF working in the all-normal dispersion regime, which is similar to [12] . An optical isolator with an isolation of 35 dB keeps the feedback light from entering the oscillator. The preshaper plays a key role in the experiment which consists of a filter (central wavelength at 1040 nm with a bandwidth of 12 nm) and a pair of reflective metallic gratings (600 lines/mm). The one-staged amplifier is gained by a segment of 1.5 m Yb-doped 18-core PCF. The image of the 18-core PCF is shown in Fig. 2 with an air hole diameter of 4 m and pitch of 10 m. The missing holes form the multicores with two hexagonal rings. The mode area is up to 2000 m 2 for in-phase mode operation in the 18-core PCF. An air cladding with a diameter of 253 m and NA of more than 0.6 guides the pump light. The amplifier is counter-directionally pumped by a 300 W diode emitting at 976 nm. Both ends of the fiber are collapsed and polished at 8 degrees to prevent spurious lasing. The fiber is laid almost straight between the two fiber end holders. To reduce the heat effect, a 15 cm section of the fiber at the pump side is water-cooled. After the dichroic mirrors, a beam splitter is used to divide the light into two parts at the fixed ratio of 50% to 50%. One beam is for average power measurement and spectrum detection. The other beam is compressed by a pair of 1200 lines/mm reflective grating, which provides 70% transmission efficiency in a four-bounce configuration.
Experimental Results and Discussion
The oscillator generates ∼1 ps light pulses with a positive chirp at a central wavelength of 1038 nm with 18 nm full width at half maximum (FWHM) (shown in Fig. 3(a) , black line) at a repetition rate of 100 MHz. The pulses can be compressed to 115 fs (shown in Fig. 3(a) inset, black line). A half wave plate and a polarization beam splitter are used to tune the seed power ranging from 100 mW to 5 W.
At first, to verify the importance of the pre-shaper, the seed light of 660 mW was directly coupled into the multicore fiber amplifier without passing through the pre-shaper. At a pump power of 50 W, the output pulse autocorrelation trace after compression is shown in Fig. 3(b) . The input pulses with a broad spectrum experienced pulse breaking in the normal-dispersion fiber. High average power and high pulse quality could not exist simultaneously in this situation. To solve the problem, the pre-shaper was inserted to shape the seed pulses. As has been shown in [11] , the pre-shaper consisting of gratings and a single mode fiber accelerate the self-similar evolution of the pulses in the amplifier. Transform-limited pulses were acquired at different pump powers, which means that nonlinear accumulation was controlled by using the pre-shaper.
In our experiment, the pre-shaper is constituted by a filter and a grating pair. The duration, chirp and spectral shape of the seed pulses are varied by adjusting the pre-shaper. As the oscillator is mode-locked by the mechanism of nonlinear polarization rotation with an LMA PCF, the output power is strong enough for the amplifier even after the pre-shaper with approximately 85% loss. The filter narrows the spectral bandwidth of the seed pulses approximately to 10 nm at a central wavelength of 1033 nm. Then the pulses can be compressed to 207 fs (shown in the inset of Fig. 3(a), red line) . The shape and duration of the compressed pulses after passing through the filter (inset of Fig. 3(a) , red line) changes comparing with that of the compressed pulses directly emitted from the oscillator (inset of Fig. 3(a) , black line). The pedestal of the autocorrelation trace in red line decreases in contrast to that of the black line. Another part of the pre-shaper, the reflective gratings, broadened the pulses to ∼0.5 ps with a negative chirp. With the existence of the pre-shaper, the initial conditions of the input pulses are optimized for the nonlinear amplification in the multicore fiber.
After passing through the pre-shaper, 660 mW seed pulses with a negative chirp are coupled into the multicore fiber. The evolution can be simply explained as follows. At the former part of the multicore fiber, the seed pulses with a negative chirp were spectrally narrowed due to the SPM effect [17] . In the meantime, the duration of the pulses was compressed by the positive group velocity dispersion. Then the spectrum and the duration reached their minimum at a certain point of the fiber. Besides the duration of the input negatively chirped pulses, gain distribution determined by the pump power was also related to the location of the minimum point. At the latter part of the fiber, the spectrum of the pulses was broadened quickly by the SPM. Because the energy of the pulses had already been amplified to a very high level by transmitting along the gain fiber. As the pump power affecting the evolution process, the seed pulses needed minor adjustment to obtain high quality compressed pulses. By monitoring the AC trace and spectrum of the amplified pulses, the rotation angle of the filter and the distance between the gratings are optimized. Therefore, with seed pulses changed by the pre-shaper, high quality compressed pulses are obtained at a very high average power. Fig. 4(a) and (b) show, respectively, the AC trace and spectrum of the pulses at an average output power of 35 W. Due to the SPM effect, the pulse duration has already been shortened to sub-100 fs at a pump power of 90 W. The results also show that a high pump power is beneficial for the beam quality [15] . In our experiment, the near field and far field distributions [shown in Fig. 5(b) and (d) ] are measured at a pump power of 90 W corresponding to an output power of 35 W. The focal distance of the lens coupling the seed light into the multicore fiber is optimized to improve the energy launched into the in-phase mode. The calculated near field distribution of the in-phase mode in the 18-core PCF is shown in Fig. 5(a) . It is simulated with the same parameters as the experimental multicore fiber. Compared to the calculated results, the measured near field shows that the in-phase mode dominates the output mode and is proved by the Gaussian profile in the far field.
By increasing the pump power, the amplified pulses can be compressed to 76 fs (for a Gaussian pulse shape) with a high pulse quality at an output power of 70 W [shown in Fig. 4(c) ]. The FWHM of the spectrum broadens to 28 nm [shown in Fig. 4(d) ], corresponding to transform-limited pulses of 64 fs. These are the shortest pulses obtained from the amplifier. The largest average power reaches up to 110 W with an FWHM spectrum of 40 nm (corresponding to 55 fs transform-limited pulses). The pulse duration cannot be compressed shorter than 76 fs even with a broader spectrum.
The near field and the far field distributions at 110 W output power are shown in Fig. 5(c) and (e), respectively. The energy distribution of each core in the near field image implies the coexistence of several supermodes operating simultaneously in the amplifier. This is further verified by the far field of the mode. Several peaks appear in the far field image. The supermodes (except for the in-phase supermode) deteriorate the beam and pulse quality of the amplifier. The degeneracy of the modes may be attributed to the increase of the pulse duration at a pump power more than 200 W.
Although a section of the fiber (15 cm) is water-cooled, the mode field becomes unstable and unacceptable when the pump power is increased to more than 200 W. Energy transfers much more quickly among the cores at an output power of 110 W compared to those at 4 W (see Media.1). The light intensity in each core oscillates quickly. The duration and the average power of the laser pulses in all the cores also fluctuate continuously. A possible reason is that the in-phase supermode and other supermodes are competing in the multicore gain fiber. Another possibility of the instability is the thermal accumulation since the fiber end at the pump side bears a very high power. Further study is needed to understand the origin of the mode instability.
The output power of the multicore PCF amplifier measured as a function of the pump power is shown in Fig. 6 . The light conversion efficiency is as high as 50% at a pump power of 220 W. The maximum average power is 110 W with a peak power of 13 MW. By the use of the preshaper and multicore fiber, the system successfully supplies sub-100 fs pulses with a single pulse energy more than 1 J at a repetition rate of 100 MHz. With the variable negative chirp offered by the pre-shaper, pulses less than 100 fs can be obtained at an output power ranging from 20 W to 110 W, as shown in Fig. 6. 
Conclusion
In summary, we have demonstrated a one-stage amplifier system based on a multicore PCF. By employing a pre-shaper, the system is shown to enable the generation of sub-100 fs pulses with more than 100 W average power in the regime of nonlinear amplification. The peak power can be up to 13 MW at 100 MHz. The limitation for the multicore fiber used for the high power lasers is its mode instability. When the operation power is very high, energy in different cores transfers to each other to render the beam unstable. Using multicore fibers which have a larger core to core spacing may be another way to further increase the average output power [18] .
